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Summary 

The functional determinants of histocompatibility leu- 
kocyte antigen (HL A)- A2.1 -peptide interactions have 
been detailed by the use of quantitative molecular 
binding assays and a chemically synthesized library 
of naturally occurring epitopes. The importance of hy- 
drophobic anchor residues in position 2 and the C-ter- 
minus was confirmed. These anchors are necessary, 
but not sufficient, for high affinity binding, as the pre- 
dictions based solely on these anchors are only about 
30% accurate. Prominent roles for several other posi- 
tions (1, 3, and 7) were also demonstrated. The loca- 
tion of these residues within the peptides matches sec- 
ondary A2.1 pockets previously demonstrated by 
X-ray crystallography. From a functional standpoint, 
similar dominant negative effects on binding were ob- 
served for charged residues in both nonamers and 
decamers, while positive effects differed between non- 
amers and decamers. An extended motif taking into 
account secondary anchors increased the predictabil- 
ity of A2.1-binding epitopes to a level of 70%, under- 
scoring the practical usefulness of extended motifs. 

Introduction 

Presentation of antigenic peptides bound to nnajor histo- 
compatibility complex (M HC) class I molecules is a prereq- 
uisite for stimulation of cytotoxic T cell responses, a crucial 
defense mechanism against viral infections and tumors 
(Townsend and Bodmer, 1989; Bjorkman and Parham, 

1 990) . Recent studies showed that the majority of peptides 
bound to class I molecules have a restricted size of 9 ± 
1 amino acids and require free N- and C-termlnal ends 
(RoUschke et aL, 1 990; Elliot et al. , 1 991 ; Falk et al., 1 991 : 
Jardetzky et al, 1991; Schumacher et al., 1991). In addi- 
tion to a specific size, different class 1 molecules appear to 
require a specific combination of usually two main anchor 
residues within their peptide ligands (Rotzschke and Falk, 

1991) . More specifically, in the case of the human allele 
histocompatibility leukocyte antigen (HLA)-A2. 1 , these an- 
chors have been described as leucine (L) at position 2 and 
L or valine (V) at the C-terminal end (Falk et al., 1991). It 
is unclear, however, whether correct size and main anchor 
residues are, by themselves, sufficient for high affinity 
binding or whether other factors may also be important. 
Until now, the available data have been limited largely 
to the definition of which residues are most abundant at 
anchor positions, as determined by sequencing of pools of 



naturally processed peptides eluted from class I molecules 
(Falk et al., 1991). Systematic and quantitative studies on 
the structural requirements for peptide binding to class I 
are scarce (Chen and Parham, 1989; Corr et al., 1992). 
In particular, direct assessment of the effect of the pres- 
ence of different side chains in the two main anchor posi- 
tions, as well as an analysis of contributions of nonanchor 
residues to binding affinity, has not yet been reported. 

At the level of the MHC molecules, a number of elegant 
X-ray crystallography studies have detailed the structure 
of both mouse and human class I molecules (Garret et 
al., 1989; Bjorkman and Parham, 1990; Saper et al., 1991 ; 
Fremont et al., 1992). Most interestingly, structures have 
been presented in which the binding groove was occupied 
by heterogenous, naturally processed material, as well 
as by class I molecules cocrystallized with single peptide 
entities (Jardetzky et al., 1991; Fremont et al., 1992; Mat- 
sumura et al., 1992). In the case of A2.1 molecules, in 
particular, detailed studies (Saper et al., 1991) have out- 
lined the molecular structure of six different pockets in the 
peptide binding groove. The two main pockets (B and F) 
have been shown to engage the two main anchors located 
in position 2 and at the C-terminus of the peptide, respec- 
tively (Saper et al., 1991). By contrast, although no func- 
tional role has yet been determined for the remaining four 
pockets (the secondary pockets), the fact that they contain 
both polymorphic residues and extra electron density 
(Saper et al., 1 991 ) suggests that they might play a signifi- 
cant role in A2.1 -peptide interactions. 

In this paper, large collections of synthetic peptides and 
quantitative direct HLA-A2.1 binding assays were used to 
investigate the role of amino acid residues other than the 
two main anchors (and secondary MHC pockets) in A2.1- 
peptide interactions. 

Results 

Single Amino Acid Substitutions of a Poly(A) 9-mer 
Peptide Carrying Anchor Residues at Positions 
2 and 9 

To investigate the structural requirements for the interac- 
tion of A2 1 molecules with their peptide ligands, single 
amino acid substitution analogs of a model A2.1 -binding 
peptide were synthesized and tested for binding. The 
model peptide selected for this study was a poly(A) 9-mer 
peptide (ALAKAAAAV) containing the previously reported 
A2.1 motif L in position 2 (La) and V in position 9 (Vg) (Falk 
et al., 1991; Hunt et al., 1992). A lysine (K) residue was 
included in position 4 for the purpose of increasing the 
solubility of the peptide. The A2.1 binding capacity of this 
peptide and its various analogs were measured according 
to a recently described molecular binding assay that uti- 
lizes purified A2.1 molecules and radiolabeled synthetic 
peptides (A. S. et al., submitted). In this assay, we found a 
dissociation constant (Ko) value for the model A2.1 poly(A) 
peptide of 170 nM ± 72 (average of seven different experi- 
ments). 
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Figure 1. A2.1 Binding of Poly(A) Analogs 

Single amino acid substitutions of the parental poly(A) 9-mer peptide 
ALAKAAAAV were tested for binding to purified HLA-A2. 1 molecules. 
The indicated residues were introduced at the anchor positions 2 and 
9 (A) or at nonanchor positions of the parental peptide (B). Binding is 
expressed relative to the parental unsubstituted peptide. 



To obtain further information on the structural require- 
ments of A2.1 binding, the binding capacity of a panel of 
single substitution analogs of this peptide was measured 
next. First, we sought to determine the degree of permis- 
siveness of anchor positions 2 and 9. For this purpose, 
panels of 13 different analogs were synthesized for both 
anchor positions 2 and 9 (Figure 1A). In good agreement 
with the previously reported A2.1 motif, the peptides car- 
rying L or methionine (M) in position 2 were the best bind- 
ers. Marked decreases in binding capacity (1 0- to 1 00-fold) 
were apparent even with relatively conservative substitu- 
tions such as isoleucine (1), V, alanine (A), and threonine 
(T). More radical changes (i.e., residues aspartlc acid [D], 
K, phenylalanine [F], cysteine [C], proline [P], glycine [G], 
asparagine [N], and serine [S]) completely abolished bind- 
ing capacity. Similar results were obtained at position 9, 
where only conservative substitutions, such as L and I. 
bound within 10-fold of the unsubstituted model A2.1 pep- 
tide binder. Analogs carrying A or M substitutions also 
bound, but less strongly (10- to 100-fold decrease). Finally, 
all other substitutions tested (T, C, N, F, S, G, P, and 
arginine [R]) were associated with complete loss of A2.1 
binding capacity. Thus, based on these data and in good 
agreement with previous studies (Falk et al., 1991; Hunt 
et al., 1992), a "canonical" A2.1 motif could be defined as 
L or M in position 2 and L, V, or I in position 9. 

Next, to test whether positions other than 2 and 9 could 
also influence A2.1 binding capacity, five different single 
amino acid substituted analogs were synthesized at each 



of the nonanchor positions, 1, 3, 4, 5, 6, 7, and 8 (Figure 
1 B). When these analogs were tested for A2.1 binding, it 
was found that several of the substitutions also had signift- 
cant effects on the A2.1 binding. At position 1, D and P 
substitutions virtually abolished A2.1 binding capacity, 
and at position 3, the positively charged K substitution led 
to a 15-fold reduction in A2.1 binding. Positions 4 and 5 
were permissive, in the sense that none of the substitu- 
tions tested led to significant changes in binding capacity. 
At position 6, both a positively charged (R) and a G substi- 
tution substantially decreased binding. Finally, some detri- 
mental effects ( - 4-fold) were also seen with a negatively 
charged substitution (glutamic acid [E]) at positions 7 
and 8. 

In summary, the data described in this section define, 
by the use of a quantitative assay, the structural require- 
ments for the A2 1 anchor positions 2 and 9. Furthermore, 
they indicate that several other positions also have signifi- 
cant impact in determining the A2.1 binding capacity of 
a peptide ligand. 

Anchor Residues Are Not Sufficient to Determine 
A2.1 Binding 

To probe further the role of nonanchor positions in A2.1 
binding, a selection of 1 8 peptides of various viral origins, 
all sharing the V.'^^ motif, were synthesized and tested for 
A2.1 binding (Table 1). It was found that binding affinity, 
despite the presence of identical main anchor residues, 
varied in this set of naturally occurring peptide sequences 
over a >1 0,000-fold range, from 7 nM to greater than 50 
|iM. To expand this analysis, a larger library of motif- 
containing peptides was generated. The sequences of var- 
ious viral and tumor antigens were scanned for the pres- 
ence of 9-mer and 10-mer peptides containing canonical 
2/9 or 2/10 A2.1 motifs, as defined above. By this ap- 
proach, a total of 1 61 9-mer peptides and 1 70 1 0-mer pep- 
tides containing an L or M in position 2 and a V, I, or L 
in the C-terminal (position 9 or 10) were selected, synthe- 
sized, and tested for binding to HLA-A2.1 molecules. 

In good agreement with the data shown in Table 1 , large 
variations in A2.1 binding affinity were detected. More spe- 
cifically, as shown in Table 2, only 11.8% of the 9-mer 
peptides were high affinity binders (Kd, <50 nM), and 
22.4% of the peptides bound with intermediate affinity (Ko, 
50-500 nM). Of the peptides in this set, 36% were weak 
binders (Kd, 0.5-50 ^M), and 29.8% had no detectable 
binding (Kd, >50 It should be noted that the choice 
of the different binding categories used in this study were 
derived from two sets of experimental observations. First, 
-80% of the known HLA-restricted epitopes examined 
so far bind in our "good" category, with a Kd of <50 nM , and 
-20% in the 50-500 nM range (A. S. et al., submitted). 
Second, -90% of MHC-bound naturally processed pep- 
tides tested so far bind with a Ko of <50 nM, with - 10% 
in the 50-500 nM range (A. S. and V. H . Engelhard, unpub- 
lished data). Thus, the data to date would indicate that 
good and (to a lower extent) intermediate binding are asso- 
ciated with functional activity. 

In the 10-mer set of peptides, we found a lower percent- 
age of peptides binding with high (5.9%) and intermediate 
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Table 1. A2.1 Binding of Peptides of Viral or Tunnor Origin Containing Canonical 2/9 Anchor Residues 



Source 



HBV 

HCV 

HBV 

c-erb2 

HIV 

p53 

HCV 

HIV 

HCV 

c-erb2 

HIV 

HBV 

HPV 

HPV 

c-erb2 

c-erb2 

HIV 

HBV 



Peptide Sequence 



W 
Y 
S 
H 
L 
L 
Y 
I 

G 
P 
H 
H 
R 
E 
D 
V 
E 
C 



50% Inhibitory Dose 
(nM) 



L 


S 


L 


L 


V 


p 


F 


V 


6.9 


L 


V 


A 


Y 


u 




T 


V 


45 


L 


Y 


A 


V 


c 

o 


p 


s 


V 


64 


1 


Y 


Q 


G 


c 


Q 


V 


V 


147 


L 


W 


K 


G 


E 


G 


A 


V 


217 


L 


G 


R 


N 


S 


F 


E 


V 


357 


L 


V 


T 


R 


H 


A 


D 


V 


454 


L 


K 


E 


P 


V 


H 


G 


V 


909 


L 


R 


D 


L 


A 


V 


A 


V 


1,470 


L 


T 


S 


1 


1 


S 


A 


V 


3.333 


L 


E 


G 


K 


V 


1 


L 


V 


8,333 


L 


S 


L 


R 


G 


L 


P 


V 


12,500 


L 


C 


V 


Q 


S 


T 


H 


V 


16,666 


L 


R 


H 


Y 


S 


D 


S 


V 




L 


A 


A 


R 


N 


V 


L 


V 




L 


V 


K 


S 


P 


N 


H 


V 




L 


H 


P 


D 


K 


W 


T 


V 




L 


T 


F 


G 


R 


E 


T 


V 





As described in Experimental Procedures. 9-mer peptides containing the UV« anchors were selected from viral or tumor protem sequences and 
Tested L A2 1 binding. The binding is expressed as the nanomolar dose of peptide that yielded SQo^ mh.bmon of the standard pept.de. The 
averaqe of at least two independent experiments is shown. A dash indicates an inhibitory dose of >50,000 nM. 
Abbreviations: HBV, hepatitis B virus; HCV, hepatitis C virus; HIV. human immunodeficiency virus; HPV, human papillomavirus. 



(17.1%) affinity. This set of peptides also contained 41 .2% 
weak binders, and 35.9% were nonbinders. Taken to- 
gether, these results indicate that 10-mer peptides also 
bind to A2.1, if with a somewhat lower average affinity. 
Most importantly, the high number of weak and nonbinding 
peptides in both sets of peptides (approximately 65%- 
75% of the total) indicate that factors other than size and 
anchor residues are also critical in determining whether 
or not a peptide will bind A2.1 MHC molecules. 

The Role of Nonanchor Residues in Determining 
A2.1 Binding 

To define more specifically what factors other than size 
and anchor residues are important for A2. 1 binding capac- 
ity, the following analysis was performed. We reasoned 
that amino acid residues that facilitated high affinity bind- 
ing would be overrepresented in high affinity peptides, 
whereas amino acid residues that were detrimental to high 
affinity binding would be underrepresented in high affinity 
binders and overrepresented in nonbinders. Accordingly, 
we calculated the frequency of each amino acid in each of 
the nonanchor positions for the 55 good and intermediate 
binders and the 48 nonbinders found in the 9-mer peptide 
set. A similar analysis was also performed for the 39 good 
and intermediate binders versus the 61 nonbinders found 
in the 1 0-mer peptide set. Amino acids of similar character- 
istics were grouped together to increase the number of 
data points in each category. An example of this analysis 
for position 3 in the 9-mer peptide set is shown in Table 
3. Several striking trends are revealed. For example, the 
frequency of aromatic residues (tyrosine [Y], F, and trypto- 
phan [W]) was greatly increased in binding, as compared 
with nonbinding peptides (21.8% versus 4.2%). Con- 
versely, while 12.5% (six peptides) of the nonbinders car- 



ried a negative charge (residues D or E) in position 3, these 
same residues were completely absent in this position in 
the subset of high and intermediate A2. 1 -binding peptides. 
Similarly, positively charged residues (R, K, and histidine 
[H]) were much more frequent in nonbinders than in bind- 
ers (16.7% versus 3.6%). 

To quantitate these differences more conveniently, the 
frequency of a given amino acid group in A2.1 binders 
was divided by the frequency in nonbinders to obtain a 
frequency ratio. This ratio indicates whether a given group 
of residues occurs at a given position preferentially in bind- 
ers (ratio, >1 ) or in nonbinders (ratio, <1 ). Frequency ratios 
are shown for position 3 in Table 3. A complete listing for 
all nonanchor positions in 9-mer and 10-mer peptides is 
shown in Figure 2. 

To facilitate analysis of the data shown in Figure 2, a 



Table 2. A2.1 Binding Capacity of Motif Containing 9-mer and 
1 0-mer Peptides 



Number of Peptides (%) 



Binding Capacity (Ko) 


9-mers 


10-mers 


Good (<50 nfyi) 


19 (11.8%) 


10 (5.9%) 


Intermediate (50-500 nM) 


36 (22.4%) 


29 (17.1%) 


Weak (500 nM-50 


58 (36%) 


70 (41.2%) 


Negative {>50 ^iM) 


48 (29.8%) 


61 (35.9%) 


Total 


161 (100%) 


170(100%) 



Peptides containing the canonical anchors L or M in position 2 and 
V, L, or I in the C-terminus (position 9 or 1 0) were selected from protein 
sequences of viral or tumor origin, synthesized, and tested for A2.1 
binding, and the 50% inhibitory concentration was calculated. Pep- 
tides were separated according to their binding capacity into the indi- 
cated groups. The numbers of peptides belonging to each group and 
their percentage of the total number of peptides tested are given. 
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Table 3. Frequency of Various Amino Acid Groups in Position 3 of 
9-mer Peptides 



9-mer Peptides 



Good and 

Intermediate Binders 



Nonbinders 



Amino Acid 


Number of 


Number of 




Group 


Peptides (%) 


Peptides (%) 


Ratio 


Y, F, W 


12 


(21.8) 


2 (4.2) 


5.2 


S, T, C 


11 


(20) 


5 (10.4) 


1.9 


L, V, 1, M 


19 


(34.5) 


9 (18,8) 


1.8 


A 


2 


(3.6) 


2 (3.6) 


0.9 


P 


4 


(7.3) 


5 (10.4) 


0.7 


G 


2 


(3.6) 


4 (8.3) 


0.4 


Q, N 


3 


(5.5) 


7 (14.6) 


0.4 


R, H. K 


2 


(3.6) 


8 (16.7) 


0.2 


D. E 


0 


(0) 


6 (12.5) 


0.0 


Total 


55 (100) 


48 (100) 





An example is given for the calculation of ratios to determine associa- 
tion of certain residues with good or poor binding. One hundred sixty- 
one 9-mer peptides containing the canonical anchors L or M in position 
2 and V, L, or I in position 9 were selected from protein sequences 
of viral or tumor origin, synthesized, and tested for A2.1 binding. From 
this set, the 58 good and intermediate binders, as well as the 48 pep- 
tides with no detectable binding, were compared in this analysis. The 
number of peptides in these two groups that contained a certain resi- 
due in position 3 and the percentage of occurence of a certain residue 
are given. From the values obtained for the two groups, a ratio was 
calculated for each residue or group of residues to indicate whether 
a residue occurs preferentially in good/intermediate binders (ratio, >1 ) 
or nonbinders (ratio, <1). 



threshold level was set for the ratios, such that residues 
that had a more than 4-fold greater frequency in binders 
compared with nonbinders were regarded as favored or 
preferred residues and residues that had a more than 
4-fold lower frequency in binders than in nonbinders were 
regarded as unfavored or deleterious residues. Following 
this approach, groups of residues showing prominent as- 
sociations with either A2. 1 binding capacity or lack thereof 
were identified (Figure 3). In general, the most detrimental 
effects were observed with charged amino acids. At posi- 
tion 1 , both P and acidic (E and D) residues were infrequent 
in A2.1 -binding peptides. At position 6, basic (H, R, and 
K) residues were associated with nonbinding peptides, 
whereas both acidic and basic residues were infrequent 
in good binders at positions 3 and 7. Conversely, aromatic 
residues were associated with high affinity binding in posi- 
tions 1, 3, and 5. Furthermore, residues with OH- or SH- 
containing side chains, such as S, T, or C, were favored 
at position 4, while A was favored in position 7 and P in 
position 8. In conclusion, frequency analysis of different 
amino acid groups allowed us to define a more accurate 
A2.1 motif that takes into account the impact of positions 
other than anchor positions 2 and 9 on A2,1 binding af- 
finity. 

Analysis of 10-mer A2.1 Ligands 

The same approach described above for 9-mer peptides 
was also used to analyze the data obtained with the set 
of 1 0-mer peptides (Figures 2B and 3). At the N- and C-ter- 
mini of the peptides, the pattern observed was rather simi- 





1 


2 


3 


4 


5 


6 


7 


3 


9 


Y.F.W 


7.0 




5.2 


0 9 


8.7 


2.0 


2 3 


2 6 




S.T.C 


0.7 


A 


1.9 


4.8 


0,9 


12 


1.2 


1 1 


A 


L,V,),M 


3,1 


N 


18 


0.5 


0.9 


1 .3 


1 ,2 


1 .7 


N 


A 


2.6 


C 


0,9 


0,9 


0.7 


0.9 


4.4 


0.3 


C 


P 


0.1 


H 


0,7 


0,7 


2,6 


1.7 


2.9 


oo 


H 


G 


3.5 


0 


0.4 


1,1 


1,1 


1.3 


0 4 


0.4 


0 


0.N 


0.5 


R 


0.4 


1,2 


0,9 


1 .0 


0 7 


0.3 


R 


R,H,K 


3.1 




0.2 


1,0 


0,9 


0.1 


0,0 


13 




D.E 


0.1 




0.0 


0.7 


0,3 


0.7 


0.1 


0 9 





10-mer Peptides 





1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


L.V.I.M 


3.0 




10.2 


1 .0 


1.3 


2.1 


1 .4 


4,7 


0.8 




A 


oo 


A 


3.1 


0.2 


1.6 


0.6 


1 ,3 


1.6 


0.5 


A 


Y,F.W 




N 


2,6 


3.1 


3.6 


0.6 


1.6 


1 4.1 


2.1 


N 


Q,N 


1.0 


C 


0,9 


0.8 


0.8 


0.8 


0,6 


0.4 


0.7 


0 


S.T,C 


0,9 


H 


0.9 


1.1 


1.0 


0.9 


1 ,4 


1.3 


2,9 


H 


G 


0.8 


0 


0.5 


4.7 


0.8 


6,3 


2,7 


0.7 


0.8 


0 


P 


0.0 


R 


0,4 


2 6 


0.0 


1.0 


0 4 


1 9 


1 2 


R 


R,H.K 


1 2 




0.3 


0.1 


0.7 


0,4 


0,2 


0.0 


0.2 




D,E 


0.0 




0.2 


0.6 


0.3 


1.0 


0,3 


0.0 


0.4 





Figure 2, Relative Frequency of Amino Acid Groups at Different Non- 
anchor Positions in 9-mer and 10-mer Peptides 
Peptides containing the canonical anchors L or M in position 2 and 
V, L, or I in the C-terminus (position 9 or 10) were selected from protein 
sequences of viral or tumor origin, synthesized, and tested for A2.1 
binding. The frequency of occurrence of certain amino acids or groups 
of amino acids was determined for each position, and frequency ratios 
in good/intermediate binders or nonbinders were calculated, as exem- 
plified in Table 3. Ratios that differed from unity by greater than 4-fold 
are bolded. 



9-mer Peptides 



Re*ldue« asaociated with 



[ 



10-mer Peptides 



[ZimCIlIZlIllIZIIZllTIIZlEll 



Figures. Residues Strongly Associated with Good or Poor A2.1 
Binding 

Based on the ratios obtained in Figure 2, residues are shown that 
were found to be associated with good binding (ratio, >4) or poor 
binding (ratio, <0.25) in a given position in 9-mer or 10-mer peptides. 
Anchor residues in ali peptides were L or M in positions 2 and L, V, 
or I in the C-terminal position 9 or 10. 
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Table 4. Validation of the Extended Motifs U sing an Independent Set of 9-mer and 10-mer Peptides 
Position Sequence 



Peptides 



Source 



Peptides Carrying Favorable Residues 
9-mers 



10-mers 



HBV 


1406 


S 


L 


Y 


A 


D 


c 
o 


p 


s 


V 


HBV 


204 


F 


L 


G 


G 


T 


T 


V 


C 


L 


HBV 


1286 


F 


L 


C 


K 


Q 


Y 


L 


N 


L 


HBV 


1045 


G 


L 


S 


R 


Y 


V 


A 


R 


L 


HIV 


280 


R 


M 


Y 


S 


P 


1 


S 


1 


L 


MAGE 


101 


A 


L 


S 


R 


K 


V 


A 


E 


L 


HBV 


437 


F 


L 


P 


S 


D 


F 


F 


P 


S 


HBV 


484 


L 


M 


T 


L 


A 


T 


W 


V 


G 


HBV 


408 


F 


L 


P 


S 


D 


F 


F 


P 


S 


HBV 


478 


1 


L 


C 


W 


G 


E 


L 


M 


T 


HtV 


2181 


N 


L 


w 


V 


T 


V 


Y 


Y 


G 


HIV 


2181 


K 


L 


w 


V 


T 


V 


Y 


Y 


G 


HBV 


1306 


R 


M 


R 


G 


T 


F 


S 


A 


P 


MAGE 


150 


S 


L 


Q 


L 


V 


F 


G 


1 


E 


HBV 


246 


F 


L 


C 


1 


L 


L 


L 


C 


L 



Peptides Carrying Deleterious Residues 
9-mers 



10-mers 



V 
V 
I 

L 
V 
V 
L 
L 
I 



500/0 dose (nM) 



14 

29 
29 
42 
56 
100 

3.3 
7.4 
9.4 
26 
31 
33 
46 
102 
2.380 



HBV 
HBV 


1154 
1052 


H 
R 


L 

L 


E 

S 


S 

s 


L 
N 


F 
S 


T 
R 


A 
1 


V 
L 




10,000 
10,000 


HBV 


1420 


D 


L 


V 


H 


F 


A 


S 


P 


L 




16,667 


PAP 
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lar to the one observed with 9-mers. For instance, in the 
10-mer set, as in the case of the 9-mer peptides, position 1 
was characterized by an increased frequency of aromatic 
residues in the binder set, while negative charges and P 
were again associated with poor binding. Again at position 
3, negative charge was associated with poor binding. Inter- 
estingly, at this position, aliphatic (rather than aromatic) 
residues were associated with high affinity binding. At the 
C-termini of the peptides, certain similarities were also 
observed. In the 10-mer, the penultimate residue at posi- 
tion 9 (corresponding to position 8 in the 9-mer) was quite 
permissive, with only basic residues being found more 
frequently in nonbinders. Similar to the situation at position 
7 in the 9-mer, neither positive nor negative charges were 
tolerated in the antepenultimate position 8 of the 1 0-mers. 
Also, position 7 did not favor positive residues in the 10- 
mers, as previously observed for position 6 in the 9-mers. 
In analogy to what was observed at position 3, the residues 
associated with good binding were, however, different. 



Aromatic and hydrophobic residues were frequent In high 
affinity binders at position 8 (as opposed to only A being 
frequent at position 7 in the 9-mers). 

Finally, a rather distinctive pattern was observed in the 
middle of the peptide. At position 4, G was favored in high 
binders, while both A and positive charges were very fre- 
quent in nonbinders. P, in position 5, was completely ab- 
sent in the A2.1 binders. It is noteworthy that none of the 
trends observed in positions 4 and 5 in the 10-mer set 
have any counterpart in position 4 or 5 in the 9-mer set. 

In conclusion, a detailed motif can be generated for A2.1 
10-mer peptides, following a strategy similar to the one 
described for 9-mer peptides above. Both important differ- 
ences and striking similarities can be noted in comparing 
the 9-mer and 10-mer sets at these nonanchor positions. 

Validation of A2.1 Binding Requirements Using 
an Independent Peptide Set 

The value of the extended motifs defined above for pre- 



Cell 
934 



100 ■ • . 

90. , ' - 

80 ■ 

^„ , ALAKAAAAV 

c 70 ■ n 
o 

= so ■ • FLYCYFALV 

f 50 ' 

= 40 ^ ALAKAAAAAV 

" " ♦ SLVGFGILCV 

20 ' 

1 0 1 , ■ 
0 . ■ - ^ - 

0 1 1 10 '00 1000 lOOCC -lOCOOC 

nM Peptide 

Figure 4. A2.1 Binding of Consensus Peptides and Poly(A) Peptides 
Nonamer and decamer consensus peptides and poly(A) analogs, both 
containing the same canonical L2V9 anchors, were tested in a peptide 
dose titration for the inhibition of the A2.1 binding of the standard 
peptide. 



dieting HLA-A2.1 binding was examined using indepen- 
dent panels of 9-nner and 10-mer peptides (Table 4). For 
this purpose, the following two sets were synthesized: 15 
peptides (of either 9 or 10 residues in length) that con- 
tained no unfavored residues and at least one favored 
residue, and a set of 17 peptides (9-nners or 10-mers) that 
carried at least one unfavored residue in their sequence. 
All peptides contained canonical anchor residues in posi- 
tion 2 (L or M) and position 9 (L, V, or I). When their binding 
capacity was determined, it was found that 11 of 1 5 pep- 
tides carrying no unfavored residues and one or more fa- 
vored residues bound with high affinity (<50 nM). Three 
bound in the 50-100 nM range, and only one bound in 
the micromolar range. In contrast, none of the peptides 
carrying an unfavored residue bound HLA-A2.1 with high 
affinity, with only four peptides demonstrating any detect- 
able binding in the 1 0-25 m,M range. Interestingly, peptides 
carrying both one favored residue and one or more unfa- 
vored residues were found to be poor or negative binders. 

Generation of High Affinity A2.1 
Consensus Binders 

The data presented in the previous sections demonstrate 
that, besides the two main anchors located at position 2 
and at the C-termtnus of a peptide, the residues present 
in most other positions influence, either in a positive or 
negative way, the A2.1 binding affinities of peptides. As 
previously mentioned, the poly(A)-based A2.1 model 9-mer 
peptide (ALAKAAAAV) bound with intermediate affinity in 
the 50-500 nM range (50% inhibitory concentration, 170 
nM ± 72). An analogous 10-mer peptide (ALAKAAAAAV) 
also bound A2.1 , but with approximately 10-fold lower af- 
finity (50% inhibitory concentration, 1667 nM ± 778). It 
was considered likely that these poly(A) peptides bind be- 
cause they have the appropriate main anchors, but that 
their affinity is relatively low because they lack favored 
residues. If this reasoning was correct, then insertion of 
favored amino acids at each of the nonanchor positions 
should result in peptides that bind much better than the 
simple poly(A) peptides. To test this prediction, two such 
peptides, one of 9 and one of 10 residues, were synthe- 
sized, and their A2.1 binding capacity was measured. Rep- 
resentative data are shown in Figure 4. Both of these pre- 
ferred consensus peptides bound with high affinities, with 



a 50% inhibitory concentration of 1 .3 and 6.2 nM. These 
values correspond to more than a 130-fold increase in 
affinity for the 9-mer and a 270-fold increase in affinity for 
the 1 0-mer, as compared with the simple poly(A) peptides. 

Overall Correlation between Presence of Expanded 
A2.1 Motifs and Binding Capacity 

A compilation of all the data available to date for analysis 
is shown in Table 5. A total of 422 peptides, all carrying 
canonical anchor residues in positions 2 and 9. have been 
tested for A2.1 binding. Peptides were divided into three 
groups: no detrimental residues and one or more favored 
residues, no detrimental or favored residues, and one or 
more detrimental residues. The frequencies of good and 
intermediate binders (Kd, <500 nM), weak binders (Ko, 
0.5-50 |iM), and nonbinders in each peptide group are 
shown in Table 5. Of the 121 peptides that contained no 
unfavored and at least one favored residue(s), 83 (69%) 
were good or intermediate binders. By contrast, of the 227 
peptides carrying one or more unfavored residues, only 
19(8%) bound A2.1 with high or intermediate affinity. The 
third, smaller group of peptides that carry neither favored 
nor unfavored residues was found to contain approxi- 
mately equal numbers of good and intermediate, weak, 
and negative binders. Thus, the value of this expanded 
motif for predicting high and intermediate binding peptides 
of 69% is more than twice that of the 30 3% (128 of 422) 
found when these peptides were analyzed only on the 
basis of their containing the canonical 2/9 anchor motif. 

Discussion 

In the present report, an extensive analysis of the interac- 
tion between A2. 1 molecules and their peptide ligands has 
been presented. This analysis, rendered possible by the 
development of high throughput quantitative binding 
assays (A. S. et al., submitted) utilizing synthetic peptides 
and purified A2.1 molecules, allows for the definition of 
the functional roles of the main anchor residues, as well 
as other positions (secondary anchor residues) of peptide 
ligands in the interaction between peptides and A2. 1 mole- 
cules. 

The Role of Positions 2 and 9 as Anchor Residues 
in A2.1 Binding 

In good agreement with previous reports by several inde- 
pendent groups (Falket al., 1991; Hunt et al., 1992; Parker 
et al., 1992), it was found that two aliphatic hydrophobic 
anchor residues located at position 2 and at the C-terminus 
of peptides 9 or 10 residues in length were essential for 
A2.1 binding. The availability of quantitative binding 
assays allowed an analysis of the importance of the two 
main anchors relative to each other and quantitation of 
the impact on binding affinity of substituting these two 
anchor residues with a diverse set of side chain replace- 
ments. Using a model poly(A)-based A2. 1 -binding peptide, 
it was found that the two main anchors have similar de- 
grees of stringencies. At position 2 only L and M and at the 
C-terminus only V, I, and L were associated with optimal 
binding capacity, and only very conservative substitutions, 
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Table 5. Correlation of A2.1 Binding and the Presence of Preferred or Detetenous Residues 



Residues in Nonanchor Positions Binders Weak Binders Nonbmders 

Preferred "Detrimental (Ko, ^500 nM) (K., ^50 ,M} (Ko. :>50^M^^___^ 

^ n 26 32 16 

\ 19 82 126 227 
0 or >1 si 1^ 



Total 



128 147 



147 422 



— ^^^^^^^^1^^-^^ grouped according to the presence of preferred 
Se^^^^^^^^ residues or both, as defined in Fi gure 3, and according to their binding cap ao^j^^^^^d^ 



such as I, V, A, and T at position 2 (or A and M in position 
9), were still compatible with binding, albeit with a 10- to 
100-fold lower affinity. All other residues tested effectively 
obliterated the binding capacity of the peptide . Thus, these 
experiments confirmed the crucial role of anchor positions 
2 and 9 in A2. 1 binding and more exactly defined the speci- 
ficity of the binding to the A2.1 molecule. However, when 
large numbers of naturally occurring peptides, all carrying 
optimal anchor residues in positions 2 and 9 (or 10), were 
synthesized and tested for binding, it was found that the 
measurable affinities varied over a 10,000-fold range (5 
nM to 50 nM), with approximately a third of the peptides 
tested not showing any detectable A2.1 binding capacity. 
These findings extend previous observations by others 
(Parker et at., 1992; Jameson and Bevan, 1992), as well 
as confirm data obtained with single amino acid substitu- 
tions of the poly(A) model A2.1 binder in positions other 
than 2 and 9 (Figure 2) that strongly suggested that factors 
other than peptide size and the presence of the two main 
anchor residues play a decisive role in determining A2.1 
binding capacity. 

Definition of Expanded A2.1 Motifs 
(A2.1 Secondary Anchor Residues) 

By analyzing the correlation between the sequences of 
large numbers of peptides containing the primary anchor 
residues and their A2.1 binding capacity, prominent sec- 
ondary effects have been defined. Two different lines of 
reasoning can be invoked to explain these effects. First, 
it is likely that some of the residues lead to negative effects, 
either conformational effects, steric hindrances, or repul- 
sive electrostatic interactions. In fact, it is interesting to 
note that charged residues were responsible for most of 
the deleterious effects, while most of the positive associa- 
tions with A2.1 binding were detected with hydrophobic 
or aromatic residues. A similar dominance of negative ef- 
fects of charged amino acid substitutions on peptide bind- 
ing has recently been implicated by Boehncke et at. (1 993) 
in a murine class II system and by our own group in the 
DR4w4 system (Sette et al., 1993). 

Most of the effects detected in position 1 of the peptide 
are easily interpretable along these lines, in the context 
of the known X-ray crystallographic structure of A2. 1 mole- 
cules (Saper et al. , 1 991 ) and of peptide-class I complexes 
in general (Travers and Thorpe, 1992). More specifically, 
pocket A at the end of the peptide binding groove is known 
to engage the positively charged N-terminus of the peptide 



through hydrogen bonding of several conserved Y resi- 
dues (Latron et al., 1 992). In this study we have found that 
neither negative residues nor P is allowed in position 1. 
Introduction of negatively charged residues in position 1 
might disrupt the electrostatic environment of this pocket, 
while the backbone distortion induced by the presence of 
a P in position 1 might interfere with the required position- 
ing of the NH3" group necessary for good hydrogen 
bonding. 

The second mechanism that might explain the promi- 
nent secondary effects, especially the ones observed in 
positions 3, 6, and 7 (7 and 8 in the 10-mers), is that these 
residues may act as secondary anchors for A2.1 binding. 
In retrospect, the existence of secondary anchor residues 
in A2. 1 binding could have been predicted from the crystal- 
lographic studies based on the existence of several sec- 
ondary pockets within the A2. 1 molecule that are occupied 
by extra electron density, presumably derived from side 
chains of self-peptides (Saper et al.. 1991). Specifically, 
based on the published data, it is likely that the D pocket 
might be engaged in interactions with some of the residues 
present in position 3 of the peptide, while residues 6 and 
7 (7 or 8 in the 10-mers) might be involved in interactions 
with the A2. 1 region corresponding to the C and E pockets. 

Interestingly, the secondary effects revealed by our 
analysis differ in the case of 9-mer versus 1 0-mer peptides, 
especially in the middle section of the peptide. This finding 
is in good agreement with crystallographic analyses that 
have shown that 9- and 10-mer peptides binding to the 
same class 1 molecule have similar main anchor points, but 
"bulge" differently in the middle (Guo etal., 1992; Parham, 
1992). In this report, it is also interesting to note that posi- 
tions 4 and 5 in the 9-mers (5 and 6 in the 10-mers) are 
also among the most permissive ones. These residues, 
because of their bulging out away from the class I binding 
cleft and because of their permissiveness, are thus ideally 
suited to function as prominent T cell receptor contact 
sites. Because these secondai^ effects differ between 
9-mers and 1 0-mers, in retrospect it is easy to explain why 
definition of secondary anchors by pool sequencing has 
not been possible. 

Finally, we would like to comment on the practical impli- 
cations of the data presented herein. Our data show that 
definition of accurate binding motifs, based on both pri- 
mary and secondary anchors, allows a high predictability 
of class I binding. Since antigenicity and binding are 
closely correlated (Buus et al., 1987; Schaeffer et al.. 
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1989), an accurate motif also allows a better prediction of 
effective innmunogens and promises to constitute a useful 
tool in the development of peptide-based vaccines. 

Experimental Procedures 

A2.1 Purification 

The HLA-A2.1 -positive human Epstein-Barr virus-transformed B cell 
line J Y was used as a source of A2.1 molecules, purified as described 
elsewhere (A. S. et al., submitted). In brief, cell lysates from large-scale 
(10'°-10'^) cell cultures were filtered through 0.45 nM filters and puri- 
fied by affinity chromatography. Columns of inactivated Sepharose 
CL4B and protein A-Sepharose were used as precolumns. The cell 
lysate was subsequently depleted of HLA-B and HLA-C molecules by 
repeated passage over protein A-Sepharose beads conjugated with 
the anti-HLA-B/C antibody B1 .23.2 to remove HLA-B and HLA-C mole- 
cules. Subsequently, the anti-HLA-A/B/C antibody W6/32 was used 
to capture HLA-A2.1 molecules. Molecules were eluted with diethyl- 
amine, 1% n-octyl glucoside (pH 11.5), neutralized with 1 mM Tris 
(pH 6.8), concentrated by ultrafiltration on Amicon 30 cartridges, and 
stored at 4°C. Protein purity, concentration, and effectiveness of 
depletion steps were monitored by SDS-polyacrylamide gel electro- 
phoresis. 

Peptide Synthesis 

Peptides were synthesized either at Cytel Corporation or, for targe 
epitope libraries, by Chiron Mimotopes {Chiron Corporation). Peptides 
prepared at Cytel were synthesized by sequential coupling of N-a- 
Fmoc-protected amino acids on an Applied Biosystems 430A peptide 
synthesizer using standard Fmoc-coupling cycles (software version 
1.40). All amino acids, reagents, and resins were obtained from Ap- 
plied Biosystems or Bachem. Solvents were obtained from Burdick 
& Jackson. Solid-phase synthesis was started from an appropriately 
substituted Fmoc-amino acid-Sasrin resin. The loading of the starting 
resin was 0.5-0.7 mmol/g polystyrene, and 0.1 or 0.25 meq were used 
in each synthesis. A typical reaction cycle proceeded as follows. The 
N-terminal Fmoc group was removed with 25% pipehdine in dimethyl- 
formamide for 5 min, followed by another treatment with 25% piperi- 
dine in dimethylformamide for 1 5 min. The resin was washed five times 
with dimethylformamide. An f^-methylpyrolidone solution of a 4- to 
10-fold excess of a preformed 1-hydroxybenzotriazole ester of the ap- 
propriate Fmoc-amino acid was added to the resin, and the mixture 
was allowed to react for 30-90 min. The resin was washed with dimeth- 
ylformamide in preparation for the next elongation cycle. The fully 
protected, resin-bound peptide was subjected to a pipehdine cycle 
to remove the terminal Fmoc group. The product was washed with 
dichloromethane and dried. The resin was then treated with trifluoro- 
acetic acid in the presence of appropriate scavengers (e.g., 5% [v/vj 
in water) for 60 min at 20°C. After evaporation of excess trifluoroacetic 
acid, the crude peptide was washed with diethyl ether, dissolved in 
water, and lyophilized. The peptides were purified to >95% homogene- 
ity by reverse-phase high pressure liquid chromatography using H2O/ 
CHaCN gradients containing 0.2% trifluoroacetic acid modifier on a 
Vydac 300 A pore-sized C-18 preparative column. The purity of the 
synthetic peptides was assayed on an analytical reverse-phase column 
and their composition ascertained by amino acid analysis, sequencing, 
or both. 

A2.1 Binding Assay 

A quantitative assay for A2.1 -binding peptides based on the inhibition 
of binding of a radiolabeled standard peptide to detergent-solubilized 
MHC molecules is described elsewhere (A. S. et al., submitted). In 
brief, the HBc 18-27 F^Y6 (FLPSDYFPSV) peptide was iodinated by 
the chloramine T method (Buus et al., 1987), MHC concentrations 
yielding approximately 15% of tx)und peptide were used in the inhibi- 
tion assays (usually in the 10 nM range). Various doses of the test 
peptides (ranging from 100 ^iM to 1 nM) were coincubated, together 
with the - 5 nM radiolabeled HBc 18-27 peptide and A2.1 molecules, 
for 2 days at room temperature in the presence of a cocktail of protease 
inhibitors and 1 |iM Prmicroglobulin. The final concentrations of pep- 
tide inhibitors were 1 mM phenylmethylsulfonyl fluoride, 1.3 mM 1.10 
phenanthroline, 73 \iM pepstatin A, 8 mM EDTA, and 200 nM N-a-p- 



tosyl-L-lysine chloromethyl ketone. Final detergent concentration in 
the mixture was 0.05^/0 Nonidet P-40. At the end of the incubation 
period, the percent of MHC-bound radioactivity was determined by 
gel filtration, and the 50% inhibitory dose was calculated for each 
peptide, as described (Sette et al., 1992) 
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